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Short Poly(U) Tract
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A radiolabeled oligodeoxynucleotide primer that anneals near the common 5' end of bovine coronavirus
minus-strand RNAs was extended with reverse transcriptase, and a major product suggesting poly(U) tracts of
8 to 20 nucleotides was found. The extended primer molecules were ligated head to tail, amplified by the
polymerase chain reaction, cloned, and sequenced, and poly(U) tracts of 9 to 26 nucleotides were found.
Poly(A) tails of 100 to 130 nucleotides on the 3' end of coronavirus plus-strand mRNAs and genome must,
therefore, be generated by a mechanism that uses only a short poly(U) template. This pattern contrasts with
that of other cytoplasmic, polyadenylated, plus-strand animal RNA viruses which utilize a full-length poly(U)
template for poly(A) synthesis.

Coronavirus subgenomic mRNAs and plus-strand genome
have been shown to be polyadenylated with tracts of 100 to
130 A residues (14, 34). The origin of the poly(A) tract is
unknown, but polyadenylation probably occurs by a cyto-
plasmic mechanism, since coronavirus replication does not
require the cell nucleus (4, 33). Judging from the precedents
of other single-stranded RNA viruses of eucaryotes, one
possible mechanism for polyadenylation might be synthesis
during transcription from a full-length poly(U) template. In
the case of coronaviruses, the poly(U) template would be
expected to be on the common 5' end of the minus-strand
antigenome and subgenomic mRNAs, since these molecules
have been shown to be active in genome and subgenomic
mRNA synthesis (11, 23, 26, 27). A full-length poly(U)
template is used by picornaviruses and togaviruses, for
example, two other positive-strand animal RNA viruses that
undergo cytoplasmic replication (6, 22). For these viruses,
however, genomic RNAs with experimentally shortened
poly(A) tails can give rise by an unknown mechanism to
progeny genomes with full-length poly(A) tails when trans-
fected into cells (7, 21, 30). A second possibility for the
polyadenylation of coronavirus mRNAs might be synthesis
from a less-than-full-length poly(U) template on the minus
strand. In this case, poly(A) synthesis might occur by a
replicase chattering mechanism of the kind proposed for the
polyadenylation of mRNAs of minus-strand rhabdoviruses,
paramyxoviruses, and myxoviruses (18, 19, 25). A third
possibility, based on cellular mechanisms, might be that
there are no terminal U residues on the 5' end of minus-
strand RNAs and that A's are added to the 3' end of plus
strands by nontemplated synthesis in response to a cis-acting
polyadenylation signal (28, 31, 32). Although this mechanism
was recently shown to be used by a member of the Potex-
virus family, a family of single-stranded, plus-strand cyto-
plasmic RNA viruses of plants (8), it is unlikely to be used
by coronaviruses, since the requisite consensus polyadenyl-
ation signal (AAUAAA) is not found in the 3'-terminal
sequence of coronavirus mRNAs (1, 2, 5, 12, 13, 16, 24, 29).
To determine whether 5' poly(U) stretches exist on bovine
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coronavirus (BCV) minus strands, an oligodeoxynucleotide
(primer 1; 5'-CTTGCGGAAGTAATTGCCGA-3') homolo-
gous to plus-strand nucleotides -91 through -110 [begin-
ning at the base of the 3' poly(A) tail] (Fig. 1A) (16) was used
as a radiolabeled primer in an extension reaction with
reverse transcriptase, and the product of the extended minus
strands was examined by electrophoresis on a denaturing
polyacrylamide gel (Fig. 1B). To do this, total cytoplasmic
RNA was extracted from BCV-infected human rectal tumor
cells at 6 h postinfection, as previously described (11), and
100 ,ug was digested with RNase A (50 jig/ml; Sigma) or
RNase T1 (100 U/ml; Boehringer Mannheim) in 0.3 M NaCl,
as previously described (26), to remove excess strands of
plus-strand RNA molecules which are known to be in a 100
to 1,000 molar excess over minus-strand RNA molecules
(11) and which interfered with extension reactions in prelim-
inary experiments (data not shown). The rationale for this
step is based on the high probability that all or nearly all
intracellular genome- and subgenome-length minus strands
exist in double-stranded replicative forms and are extract-
able as double-stranded forms (23). A total of 50 pmol of
primer, 5' end labeled with 32P by the forward reaction, was
used with the RNase-digested RNA in the extension reaction
by the method of Sambrook et al. (20). Electrophoresis was
done on a 6% polyacrylamide sequencing gel containing 50%
urea, and the wet gel was exposed to film for observing the
distribution of extended products. The only products found
that extended into the putative poly(U) region were those of
about 118 to 130 nucleotides (nt) [corresponding to potential
poly(U) tails of 8 to 20 nt] (Fig. 1B, region 2). Products
longer than this were no more abundant from reactions with
infected-cell RNA than from reactions with uninfected-cell
RNA, regardless of whether RNase A (not shown) or RNase
T1 (Fig. 1B, region 2) had been used in the RNA preparation,
suggesting that there were very few or no poly(U) tracts
longer than 20 nt.
To characterize the extended sequence on the 5' end of

minus strands, single-stranded cDNA products were eluted
from the polyacrylamide gel (regions 1, 2, and 3 in Fig. 1B
were eluted and studied separately), ligated head to tail with
RNA ligase, amplified by the polymerase chain reaction
(PCR), and cloned into a SmaI-linearized pGEM3Z plasmid
(Promega Biotec) as described elsewhere (10). Only ex-
tended cDNA from region 2 in Fig. 1B gave a PCR-amplifi-
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FIG. 1. Estimation of poly(U) tail lengths on BCV minus-strand
RNAs. (A) Schematic representation of the 3' end of the BCV
genome (and subgenomic mRNAs) shown as plus-strand DNA with
a poly(A) tail and the complementary minus strand shown as DNA
with a short poly(T) tract [to represent poly(U)]. The sequences and
positions of the primers used for characterization of the poly(U)
tract are identified. (B) 5'-end-labeled primer 1 that binds near the 5'
end of BCV minus-strand RNAs was extended with reverse tran-
scriptase and electrophoresed on a 6% DNA sequencing gel together
with products from a DNA sequencing reaction that were used as
size markers (not shown). The length of extended primer in nucle-
otides is indicated on the left. Regions identified by brackets were
cut from the gel, and the material from each was eluted and studied
separately as described in the text. Extended products representing
the ends of poly(U) tracts are shown in bracketed region 2. An
extended primer of 120 nt represents a poly(U) tail of 10 nt. UNINF.
and INF., uninfected-cell and infected-cell mRNA, respectively.

able product. For the PCR amplification, oligodeoxynucle-
otide 2 (primer 2; 5'-TCGGCAATTACTTCCGCAAG-3'),
complementary to primer 1, and oligonucleotide 3 (primer 3;
5'-GGAAGAGCCAGCATGTTAAG-3'), homologous to ge-
nomic bases -59 through -78 (Fig. 1A) (16), were used.
Clones were screened initially by colony hybridization to
radiolabeled primers 2 and 3 and then by size determination
of excised inserts by agarose gel electrophoresis. Inserts of
more than 110 nt [110 nt is equivalent to no poly(U) tract]
were sequenced by dideoxynucleotide sequencing of asym-

metrically amplified DNA as previously described (9).
A total of 48 clones were sequenced, and of these, 29

contained poly(U) tracts. The remainder contained artifac-
tual inserts of primer sequences. No clone representing an
intact 5' end of a minus strand, judging by the clones'
complementarity to the 3' noncoding sequences on the
genome, was devoid of a poly(U) tract. Poly(U) tracts

ranged from 9 to 26 U's, and a majority of these (21 of 29)
were 9 to 13 nt.
Attempts to determine by Northern (RNA) analysis

whether each individual subgenomic minus-strand species
contains the poly(U) tract were unsuccessful, apparently
because of the presence of a large number of cytoplasmic
oligo(dA)-binding nucleic acid species that anneal under the
conditions of low stringency required for this assay. Al-
though minus strands were readily detectable with intrage-
nomic minus-strand-binding oligodeoxynucleotide probes
(11; also our unpublished data), -y-32P-end-labeled oligo(dA)18
probes detected only heterogeneous RNAs of a wide size
range in both uninfected and infected cells (data not shown).
Three kinds of experimental evidence suggest that the

poly(A) tails on BCV plus-strand RNAs are considerably
longer than the poly(U) tracts identified on minus strands.
First, when cDNA clones of BCV genomic RNA were

prepared by priming first-strand cDNA synthesis with
oligo(dT)18, clones with poly(A) tails of up to 68 nt were
obtained (16). Second, in experiments in which BCV RNA
was digested to completion with RNase T1 and analyzed by
two-dimensional gel electrophoresis, a large spot that mi-
grated to the same relative position on gels as the poly(A)
spot from digested mouse hepatitis virus RNA (15) was
obtained. Since no homopolymeric stretches of bases other
than A have been identified in fully sequenced coronavirus
genomes (3, 17), it is unlikely that the RNase T1-resistant
spot in BCV RNA is anything other than the 3' poly(A) tail.
These data together suggest that BCV poly(A) tails, like
those on mouse hepatitis virus RNAs (14), are 100 to 130 nt.
Finally, when the lengths of the BCV poly(A) tails were
measured by electrophoresis of PCR-generated products
that had been initiated by random priming along the poly(A)
tails, tail homopolymeric lengths of up to 140 nt were
obtained (unpublished data).

Short poly(U) tracts on minus strands could have arisen
from the use of RNases in the preparation of minus-strand
templates for primer extension, but we view this as unlikely,
since it would have required a coincidence of two separate
unlikely events, one for RNase A and the other for RNase
T1. First, short poly(U) tracts could have been generated by
RNase A digestion if there had been breathing of the
poly(U) poly(A) heteroduplex in the 0.3 M NaCi. Inasmuch
as poly(U) poly(A) heteroduplexes of up to 90 nt are
protected in 0.2 M NaCl (22), such breathing in 0.3 M NaCl
would be extremely unusual. Second, short poly(U) tracts
could have been generated by RNase T1 if there had been
one or more G residues positioned 9 to 26 nt from the 5' ends
of the minus-strand RNAs and within longer poly(U) tracts.
Since such G's would most probably have C counterparts in
the poly(A) tail, and since these have not been found in
sequence analyses of cloned BCV poly(A) tails (16), diges-
tion of poly(U) tracts with RNase T1 would not be expected.
Short poly(U) tracts on minus strands are, in addition,
consistent with our finding that minus strands almost univer-
sally electrophoretically migrate faster than their plus-strand
counterparts on denaturing agarose gels (11, 27).
On the basis of precedent, we can envisage two possible

mechanisms by which coronaviruses might synthesize long
poly(A) tails from a short poly(U) template. First, poly(A)
tails might be synthesized by slippage or chattering mecha-
nisms in the replicase similar to those described for rhabdo-
viruses, paramyxoviruses, and myxoviruses in the polyade-
nylation of mRNAs (for a review, see reference 18). In these
instances, poly(A) tails of more than 100 nt are generated
from an oligo(U) template of 4 to 8 nt. Second, it is
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conceivable that coronaviruses could use a cellular cytoplas-
mic poly(A) polymerase that normally functions to extend
poly(A) tails on cellular mRNAs in the cytoplasm (28, 31,
32). In these cases, the AAUAAA polyadenylation signal
required for polyadenylation in the nucleus or cytoplasm is
not required if the mRNA species already possesses a short
tract of at least 10 A's (28). Coronavirus mRNAs and
genome may, therefore, use short a poly(U) tract for tem-
plated synthesis of short poly(A) tails by the viral replicase
(or transcriptase) and then use the cellular cytoplasmic
poly(A) polymerase and the AAUAAA-independent mecha-
nism for nontemplated addition to form long poly(A) tails.
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